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1. Identification of the required residues is unequivocal or they are at least well characterised e.g., molecular weight and major fragments defined.
2.
Quantitative estimates of the level of the residues in the samples can be made. For confirmation purposes or identification of unknowns semi-quantitative data may be adequate. 3 . A detection limit can be assigned to the procedure where identification and quantitation are not established. 4 . False positive or false negative results are avoided.
For a high degree of assurance on all these points, elaborate protocols and validation are required which cover all aspects of the method including sampling, extraction, clean-up, and the MS determinative step. These have reached the greatest degree of sophistication in recent methodology for polychlorinated dibenzo-dioxins and -furans, particularly TCDD.
INSTRUMENT PERFORMANCE

Sensitivity
It is useful to look in detail at some of the instrumental parameters that influence sensitivity and detection limits in various operating modes. These are two of the most important criteria for performance in residue analysis.
The absolute sensitivity for a mass-spectrometer is best expressed as the total electric charge collected at the detector (prior to electron multiplier) for a given sample input to the ion-source. This can be determined using the The absolute sensitivity specification STI can be used to estimate instrumental detection limits under a variety of conditions. The following formula calculates the flow rate of sample to the ion-source required for detection of N ions in a mass peak of relative abundance Am present at the detector for time t m .
Taking the detection limit as N = 310 ions gives the limiting flow rate:
Note that this criteria for detection limit does not depend on the instrumental blank or noise level which can be extremely low for clean mass-spectrometer systems. Rather it is based on the counting statistics (l/JN) of the analyte signal itself. Peaks containing ca 300 ions will exhibit intensity fluctuations of *lo% (26). For chromatographic sample introduction the minimum detectable quantity (MDQ) for a peak T sec wide at half height is given by:
Consider detection limits for capillary GC-MS under three typical sets of instrumental condition:
1. Confirmation of pesticide esidue identity using fast scanning.
EI, 1000 RP, STI = 5 x lo-' C/pg, GC peaks 3 sec half width
A full spectrum every second: tm = 0.5 msec Spectra to be reproducible for peaks down to 2% of TI: Am = 2% Fdl = 100 pg/sec MDQ = 300 pg 2 . Confirmation o f pesticide esidue molecular weight using fast scanning.
CI, 1000 RP, STI = 1 x 10-F C/pg.
A full spectrum every second:
t m = 0.5 msec Reproducible detection of MH:
Fdl -200 pg/SeC MDQ = 600 pg 3 . S I M q u a n t i t a t i o n o f low l e g e l residues. E I , 1000 RP, ST = 5 X 10-c/W Monitor 5 ions i n a 0.6 sec cycle: Choose major ions i n spectrum:
tm -100 msec Am -10% Fdl -0.1 pg/sec MDQ -0.3 pg For S I M a t 10,000 RP, MDQ f o r a s i m i l a r analysis would be 10-20 times higher i . e . 3-6 pg.
These instrumental l i m i t s can be met i n p r a c t i s e when using E I o r C I t o r u n pure samples. As discussed i n the section 2.2, t h e d e t e c t i o n l i m i t may be higher f o r t h e complete a n a l y t i c a l system, influenced by f a c t o r s i n a d d i t i o n t o t h e absolute MS s e n s i t i v i t y .
These formulae are useful t o formalise t h e r e l a t i o n s h i p between r e l a t i v e abundance o f ' s i g n i f i c a n t ' ions, t h e time spent i n measuring them, and d e t e c t i o n l i m i t s . For example, the lower absolute s e n s i t i v i t y o f C I may be compensated by t h e h i g h p r o p o r t i o n o f i o n i s a t i o n c a r r i e d by MH. It should be noted t h a t the p r o p o r t i o n o f i o n i s a t i o n c a r r i e d by M and other higher mass ions i n E I can o f t e n be d r a m a t i c a l l y improved by operating a t reduced electron energy (24-30 eV) and ion-source temperatures (150-180').
The l a t e r p o i n t i s frequently commented on i n r e l a t i o n t o negative i o n C I b u t i s a l s o v a l i d i n E I . The 'standard' source temperature o f 250' i s higher than r e q u i r e d f o r i n t e g r i t y o f chromatographic r e s o l u t i o n o f most p e s t i c i d e s and can l e a d t o excessive fragmentation o r thermal degradation.
Analytical detection limits
The instrumental l i m i t s t o d e t e c t i o n defined by the i o n s t a t i s t i c s o f absolute s e n s i t i v i t y o f t e n do n o t apply t o complete a n a l y t i c a l systems due t o two o v e r r i d i n g f a c t o r s .
m k a r o u n d : This can c o n s i s t o f responses due t o c o e x t r a c t i v e s o r contaminants i n t h e
sample, GC column bleed, solvent, eluant (LC-MS), m a t r i x (liquid-SIMS), o r instrument contamination. Polymeric reagent gas ions i n C I g i v e a background continuum extending above m/z 200. Background peaks can i n t e r f e r e w i t h the measurements a t t h e p a r t i c u l a r masses o f i n t e r e s t . There can also be a general r i s e i n t h e d e t e c t o r baseline due t o scattered o r metastable ions.
2. SamDle losses o r sumress iu: Sample adsorption i n t h e i n l e t system can compromise low l e v e l d e t e c t i o n and i s r e f l e c t e d i n n o n -l i n e a r i t y o f response. It i s o f t e n evident i n GC-MS where t h e h o t column and residual a c t i v i t y i n t h e s t a t i o n a r y phase support may be d e l e t e r i o u s t o p o l a r compounds such as carbamate and phenyl urea p e s t i c i d e s .
Background due t o contaminants o r coextractives may be reduced by more r i g o r o u s a t t e n t i o n t o method blanks and sample clean-up. Sample preparation and clean-up procedures f o r massspectrometry have been reviewed ( r e f . 15). Increased r e s o l u t i o n o r changed s e l e c t i v i t y i n the chromatographic system can a l s o solve i n d i v i d u a l problems. Mass-analyser s e l e c t i v i t y against extraneous ions can also be increased by h i g h -r e s o l u t i o n (HR) o r MS-MS techniques where a v a i l a b l e . Use of higher r e s o l u t i o n s w i t h S I M g e n e r a l l y r e s u l t s i n lower a n a l y t i c a l detection l i m i t s despite the l a r g e reductions i n absolute s e n s i t i v i t y . S i m i l a r improvements r e s u l t from selected decomposition monitoring using MS-MS on m u l t i -s e c t o r o r t r i p l e quadrupole instruments ( r e f . 16).
The advent of bonded phase FSOT c a p i l l a r y columns has g r e a t l y assisted lowering o f GC-MS detection l i m i t s by reducing both column bleed and r e s i d u a l column a c t i v i t y . However, p e s t i c i d e s t h a t GC adequately a t t h e ng l e v e l may s t i l l be severely degraded o r l o s t a t the pg l e v e l . These e f f e c t s are exacerbated as columns age due t o o x i d a t i o n by t r a c e s o f oxygen i n the c a r r i e r gas and t o contamination by sample coextractives. High l e v e l s o f i s o t o p i c a l l y l a b e l l e d i n t e r n a l standards may act as c a r r i e r s t o p a r t i a l l y p r o t e c t analytes from column a c t i v i t y . Such e f f e c t s are unpredictable and n o t a u n i v e r s a l panacea due t o the u n a v a i l a b i l i t y o r expense o f many l a b e l l e d pesticides.
Suppression o f analyte response can a l s o increase e f f e c t i v e d e t e c t i o n 1 i m i t s . I o n source outputs are o f t e n n o t very l i n e a r p a r t i c u l a r l y when tuned f o r highest s e n s i t i v i t y . The presence o f high l e v e l s o f solvent o r sample coextractives, can lead t o suppression o f i o n i s a t i o n o f t h e analyte. T h i s e f f e c t can be p a r t i c u l a r l y acute i n -ve C I where t h e electron plasma a v a i l a b l e f o r e l e c t r o n capture i o n i s a t i o n i s l i m i t e d . Source suppression phenomena l i m i t t h e usefulness o f higher analyser s e l e c t i v i t y (HR-MS, MS-MS) i n the analysis o f crude e x t r a c t s . A greater degree o f sample p u r i f i c a t i o n i s t h e o n l y s o l u t i o n t o such d i f f i c u l t i e s .
The remarkable e f f o r t s o f l a b o r a t o r i e s s p e c i a l i s i n g i n t h e a n a l y s i s o f d i o x i n s have r e s u l t e d i n procedures which can r e l i a b l y detect TCDD a t 1-10 ng/kg i n a v a r i e t y o f matrices. These i n v o l v e HRGC/HRMS d e t e c t i o n o f 5OOfg -5pg TCDD w i t h S I M o f 3-5 masses. 
MS-MS techniques
IDENTIFICATION AND QUANTITATION
Data acquisition
Positive identification of low level residues in a complex matrix presents the analyst with a number of problems that are exacerbated when there is also a requirement for accurate quantitation. As discussed in section 2.1, there is a trade-off of information content for sensitivity as experimental conditions are changed from full spectra scanning to selected ion monitoring using reduced numbers of mass channels. Full scan spectra should be obtained wherever possible for semi-quantitative confirmation of residues. The high sensitivity and selectivity of modern GC-MS instruments enables this in many situations to below 0.1 mg/kg a1 though more concentrated and cleaned-up extracts may be required. Spectral averaging and subtraction facilities in the data system can be used to remove contributions from background or partially resolved contaminants. However, attempts to 'clean-up' very weak spectra where background mass peaks predominate may lead to spectra of dubious validity. Information for identification may be limited if the spectra contain only one or two prominent peaks e.g. Mt from soft ionisation techniques or spectra are dominated by low mass ions of little structural significance. Quantitations from full scan spectra are usually based on mass chromatograms generated from stored data using ion masses characteristic for the analyte. The analyser cycle time should be fast enough to permit at least 3-5 scans to be acquired over the chromatographic peaks. 
Identification criteria
The literature contains a number of different criteria for confirmation of identity dependent on application. Mass-spectral identification is based on four comparisons of sample response to a standard.
Correspondence of appearance time
This will usually be retention time in a chromatographic system but could also be time to maximum evaporation rate from a direct probe. Using capillary GC with external standard provides reproducibility of Rt to about 5 parts in 1000. Furthermore this correspondence should cover all the masses measured for the compound.
Appearance profiles should be discrete
Again this mainly applies to chromatographic sample introduction. It i s a requirement for resolution of analyte from other sample components where they have ions in common. Suitable criteria are for analyte mass chromatogram peaks to exhibit valleys of at least 25% from other components and that the analyte mass-chromatogram peaks be of uniform half-width.
Spectra should match in mass and relative intensity
The relative intensity criteria necessary to establish correspondence of spectra at the trace level have been variously proposed as *lo% or *20% maximum difference in ratios of prominent ion intensities relative to ratios in the standard (measured either as peak heights in individual spectra or as areas of mass chromatogram peaks). Using isotope peaks o f chlorine for this comparison enhances the confirmation of an analyte containing chlorine (but does not increase the differentiation between similar chlorinated compounds).
Calibration of relative ion abundance levels using the reference compound decafluorotriphenyl phosphine has been recommended for contract applications of US-EPA 
Mass spectral libraries
Where full scan mass spectral data has been obtained on samples of food or environmental origin for determination of a range of residues, identifications will rely on comparisons of spectra to those of standards. These standards may be run It the same time in which case the identification is trivial governed by the criteria given in section 3.2. However, in wide ranging studies, initial identification may depend on comparisons to library spectra.
Large mass spectral data bases are available for computer searching either through dedicated mass-spectrometer data systems or by 'on-1 ine' access via terminal/modem/ telephone to central facilities. Predominant amongst these compilations are those from NIH-NBS, Wiley and MSDC ( ref. 70-72) . The MSDC data can also be accessed through the 8 peak index compilation available in printed form. These data bases contain 50,000-100,000 spectra and represent a tremendous resource when dealing with complete unknowns. Even if the unknown is not matched, information may be obtained on related compounds which can assist in structural elucidation. However, these compilations are not always the ideal adjunct to mass-spectral studies on pesticide or environmental pollutants because of the following factors: 
These disadvantages can be at least partly overcome by use of libraries more specific to pesticide residue studies, with spectra preferably generated by GC-MS on a similar instrument. A number of published spectral collections deal with compounds in the pesticide, toxicological, or environmental areas (ref. 73-76). Automation of the search procedure is well within the capabilities of modern data systems. This provides a means of relieving the analyst of the burden of preliminary interpretation o f the large volumes of data that can be generated by GC-MS. Introduction of GC retention indexes improved the accuracies of matching in a system for confirmation of residues in food (ref. 77). Automated procedures for calculation of PCB concentrations have also been developed (ref. 78, 79) and extended to chlorinated pesticides (ref. 80). A programne which uses isotopic cluster analysis has been developed to automatically extract spectra of chlorinated compounds from GC-MS data (ref. 81).
Quantitation criteria
4.
Injection technique also can have a considerable effect on reproducibility in GC-MS with on-column injection being generally preferred over split-splitless for sensitive compounds (ref. 85, 86).
With unknown compounds or pesticides where no standards, are available semi-quantitative estimates of concentration should still be made. Total ion current (TIC) responses using the relatively non-specific EI or CI (CH4) ionisation can be roughly calibrated using hydrocarbon or other suitable standards. Such estimates are invaluable in establishing a correspondence between MS response to the analyte and that observed in other analytical systems.
Estimation of detection limit
The IUPAC definition of detection limit should be applied to the analytical system wherever possible (ref. 
COMPARATIVE STUDIES ON PESTICIDES AND POLLUTANTS
The wide range of conditions now available for MS of pesticides make published spectral data and comparative studies very useful. The text edited by Karasek, Hutzinger and Self (ref. 89 ) has chapters covering mass-spectra (principally EI) of the major pesticide and pollutant classes. Tables 1-5 sumnarise other recent studies.
Organochlorine insecticides
The principal development in MS of organochlor6ne insecticides ( 
GC-MS-MS
I.S.'S
Polychlorinated biphenyls (PCB's)
Although these industrial pollutants are not pesticides, they are often present in environmental matrices along with organochlorine pesticide residues and they pose similar analytical difficulties. Early quantitation using mass-spectrometry re1 ied on chlorination level assays using LRGC-MS-SIM calibrated against PCB formulation standards (ref. 11). High resolving power FSOT columns can virtually completely separate the complex mixtures (209 possible congeners) and this had led to assays based on individual congener quantitation (ref. 111). This has enabled more detailed studies on the toxic coplanar or non-ortho congeners and on preferential metabolism and bioaccumulation. Recent research is sumnarised in Table 2 . 
Herbicides and fungicides
These diverse classes contains many pesticides that are not very suitable for GC. LC-MS techniques are therefore of great interest. Barcelo 1988 Shalaby 1987 Voyksner 1987 Bardalaye et a1 . 1984 Patumi et al. 1987 
Stemmler and Hites 1987
Cairns and Siegmund 1984
Cairns and Siegmund 1986
Prigge and Naumann 1985
Cairns et al. 1987
Ripley 1985 Cairns et al. ( r e f . 161) have reached a h i g h degree o f consensus on methodological steps r e q u i r e d f o r QA a t the ng/kg l e v e l using HRGC-HRMS techniques. These t y p i c a l l y include: 1.
2.
3. 6. 7. 8.
4.
5.
9.
10.
11.
12, Development o f h i g h l y s p e c i f i c sample e x t r a c t i o n and clean-up procedures which e l i m i n a t e major and minor co-x t r a c t i v e s and provide h i g h recovery o f PCDD' s and PCDF's. The i n t e r n a l standard 3, 7, i s added a t 0.5-.2 p p t ( l i q u i d s ) o r 24-50 p p t ( s o l i d s ) p r i o r t o e x t r a c t i o n . The recovery standard "C12-1,2,3,4-TCDD i s added t o t h e e x t r a c t immediately p r i o r t o GC-MS.
Use o f l o n g cyanosilicone FSOT GC columns t o ensure isomer s p e c i f i c i t y f o r 2,3,7,8-TCDD.
Use o f computer c o n t r o l l e d S I M a t 10,000 r e s o l u t i o n t o c y c l e around sets o f peak tops (M,M t 2 f o r analyte and i n t e r n a l standards: 319.897, 321.894, 331.937 and 333.934) . A constant bleed o f a reference compound such as p e r f l u o r o t r i b u t y l a m i n e provides a peak f o r use as a l o c k mass which i s included i n the S I M c y c l e t o c o r r e c t f o r s l i g h t s h i f t s i n t h e magnet s e t t i n g .
Demonstration o f l i n e a r c a l i b r a t i o n using a set o f 3-5 mixed standards each analysed i n t r i p l i c a t e .
Demonstration o f adequate recovery o f i n t e r n a l standard (60-120%) and o f TCDD i n spiked f i e l d blank o r c o n t r o l samples.
Demonstration o f adequate s e l e c t i v i t y by running o f 'worst case' f i e l d samples o r samples spiked w i t h a range o f p o t e n t i a l i n t e r f e r i n g compounds.
Running o f f i e l d samples i n a d a i l y r o u t i n e which includes i n i t i a l instrument tuning f o r r e s o l u t i o n and s e n s i t i v i t y , checking o f column r e s o l u t i o n and response c a l i b r a t i o n (standard a t 1 l e v e l ) , running o f sample e x t r a c t s i n batches o f 3 p l u s a QC sample e x t r a c t (prepared from a spiked pool sample). Q u a n t i t a t i o n o f responses using sums o f i n t e g r a t e d peak areas f o r M and M t 2 f o r TCDD and i n t e r n a l standards.
Checking o f i n d i v i d u a l r u n data t o ensure t h a t i t meets the f o l l o w i n g c r i t e r i a :
(i) R a t i o o f 320/322 w i t h i n 95% confidence i n t e r v a l o f r a t i o obtained f o r standards.
(ii) Signa1:no' e r e a t e r than 3 : l f o r both 320 and 322 TCDD peaks and greater than 1 O : l f o r "C-?CDD i . s . peaks. (iii) t e n t i o n times f o r 320 and 322 peaks w i t h i n 1 scan o f each o t h e r and RRT t o P3C1~-TCDD w i t h i n 2 p p t o f t h a t i n standard runs.
( i v ) Peaks a l l o f uniform width a t h a l f -h e i g h t i n d i c a t i n g absence o f p a r t i a l l y resolved interferences.
( v ) Recovery o f i n t e r n a l standard between 40% and 120%.
TCDD i s classed as n o t detected (ND) i f these c r i t e r i a are n o t a l l met. inadequate recovery o f i n t e r n a l standard o r apparent interferences i n d i c a t e a need t o reanalyse the sample.
Other TCDD isomers can a l s o be q u a n t i t a t e d using published response f a c t o r s i f relevant S:N, i o n r a t i o and r e t e n t i o n time c r i t e r i a are met.
F o r added s p e c i f i c i t y o r confirmation the M t 2 -OC1 fragment i o n can also be monitored. Overall s e n s i t i v i t y i s compromised but t h e added assurance may be necessary i n the analysis o f samples containing high l e v e l s o f o t h e r p o l l u t a n t s such as contaminated s o i l .
P a r t i c i p a t i o n i n i n t e r -1 aboratory comparisons i n v o l v i n g exchange o f samples and standards t o monitor systematic e r r o r s .
Adherence t o s t r i c t QA p r o t o c o l s has r e s u l t e d i n remarkably precise data. S o i l residues i n the range 15-2000 ng/kg were measured w i t h a p r e c i s i o n o f 11-25% ( r e f . 161). Much o f the v a r i a t i o n was a t t r i b u t e d t o sampling. Precision f o r TCDD i n spiked pork f a t o r human adipose t i s s u e a t the low ng/kg l e v e l was i n the range 6-19% ( r e f . 159). Pooled human serum was determined t o contain 25.8 n g / l i t r e TCDD w i t h a CV o f 13%. These sets o f data were also supported f o r accuracy by i n t e r -l a b o r a t o r y studies. Thus t h e e m p i r i c a l r e l a t i o n s h i p observed by H o r w i t z ( r e f . 170) from e a r l i e r t r a c e analysis studies showing an increase i n CV by power o f 2 f o r each power o f 10 decrease i n concentration i s no longer v a l i d . CV's f o r TCDD a t the ng/kg l e v e l are no higher than commonly observed f o r p e s t i c i d e residues a t the mg/kg l e v e l .
There is an ever increasing range of crop protection chemicals many of which are active at very low rates. There are also greater demands from regulatory authorities and the public for detailed knowledge on the fate and distribution of residues. The power and flexibility of mass-spectrometry in trace organic analysis is therefore likely to be called upon to an even greater degree in the future. Instrumental developments have led to a polarising of mass-spectrometry applications to pesticide chemistry. Simple bench top instruments now dominate much routine pesticide residue confirmation work while increasingly sophisticated instruments are being used for difficult problems in structural elucidation, metabolism and ultra-trace analysis. Approaches to improved determination of polar pesticides and metabolites such as 1 iquid surface ionisation-MS and 1 iquid chromatography-MS are becoming more standard. They are therefore likely to be included in formal analytical protocols in the same way GC-MS was officially adopted a decade ago. Highly selective GC-MS techniques using isotopically labelled internal standards can greatly improve precision and accuracy of trace analysis once the overriding problems of adequate sub-sampling and accurate standards are overcome.
To obtain optimal results requires a good understanding of the fundamentals of the techniques being employed and a knowledge of the mass spectral characteristics of the compound types being studied. This review has attempted to bring these two aspects together for the benefit of pesticide chemists and others in the trace analysis field. In particular the criteria for mass-spectrometric detection and identification need careful examination. The diversity of mass-spectrometry instrumentation and applications requires that user training also must be given full attention.
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